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bstract

Tablet formulations of the maleate salt of a basic drug (I) showed a major loss in potency and a lack of mass balance upon storage under
ccelerated stability testing conditions. No such stability issues were observed in capsules that were compositionally similar, and even the tablet
as stable when it was encapsulated in capsule shell. It was identified that the salt converts to its free base form in the microenvironment of the

ablet formulation. Studies using radiolabeled drug substance showed that the free base formed in the tablet volatilized under test conditions used
nd was absorbed in the wall of plastic container. No mass loss was observed with encapsulated tablets since the capsule shell either protected the
rug substance from volatilization or trapped any drug substance that volatilized. The conversion of the salt to free base could be related to the

H-solubility profile of the compound where the pHmax (pH of maximum solubility) was 3.3–3.6, above which the salt would convert to base while
o such conversion would occur below this pH. The microenvironmental pH of the tablet was found to be 4.3, favoring the salt-to-base conversion.
stable tablet formulation with shelf-life >3 years was successfully developed by lowering the microenvironemental pH of tablet from 4.3 to <3.0

y adding citric acid to the formulation.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The maleate salt of a basic drug (dibenzo [b,f)oxepen-
0-ylmethyl-methyl-prop-2-ynyl-amine hydrogen maleate (I)
as developed for oral administration in the treatment of
eurodegenerative disorders, such as Parkinson’s disease and
mylotrophic lateral sclerosis (Sagot et al., 2000; Waldmeier et
l., 2000; Perentes et al., 2002). Hard gelatin capsules of 0.25-,
.5- and 10-mg potencies were developed for phase I clinical
tudies, where the 2.5- and 10-mg capsules had acceptable
helf-life (<5% potency loss) at controlled room temperature for
t least 2 years, and the 0.25-mg capsule required refrigeration
2–8 ◦C) to achieve a 2-year shelf-life. A complete mass balance
f drug content and degradation products was obtained during

he accelerated stability testing of capsules under various
onditions, and degradation pathways were reported (Pan et al.,
006). Following initial clinical testing (Phases I and IIA) using

∗ Corresponding author. Tel.: +1 862 778 3995; fax: +1 973 781 8487.
E-mail address: abu.serajuddin@novartis.com (A.T.M. Serajuddin).
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apsules, it was decided to switch dosage form from capsule to
ablet with potencies of 0.5, 2.5 and 10 mg for phases IIB and
II clinical studies and ultimately for commercialization. The
ablets were developed with a minimal change in composition
rom the capsule formulation to maintain continuity between
evelopmental activities of two dosage forms and to ensure that
heir stability would be similar. Also, since a dose-dependent
tability of capsule was observed, the lowest strength was
ncreased from 0.25 mg in capsule to 0.5 mg in tablet with the
xpectation that this would increase the stability of formulation.
owever, surprisingly, it was observed that drug in tablets
egraded much more rapidly than that in capsules, especially
t high temperature and humidity. For example, there was
10% loss in potency when the 0.5-mg tablet was stored in

nduction-sealed and tightly capped high density polyethylene
HDPE) bottles at 40 ◦C/75% RH for 6 weeks. Additionally,
here was no mass balance of drug content in the degraded

ablets. On the other hand, no significant loss in potency and no

ass balance issue were observed when a 0.25-mg capsule with
imilar composition to the tablet was prepared and subjected to
he similar storage condition. The present study was undertaken

mailto:abu.serajuddin@novartis.com
dx.doi.org/10.1016/j.ijpharm.2007.01.005
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o identify the cause of unexpected degradation of 0.5-mg
ablets and to develop a stable tablet dosage form.

. Materials and methods

.1. Materials

Drug substance I (maleate salt) and its 14C-radiolabeled
nd the free base forms were synthesized by Novartis Phar-
aceuticals Corp. Analytical reagents purchased from different

uppliers were used as received: acetonitrile (HPLC grade),
isher Scientific (Fair Lawn, NJ); trifluoroacetic acid (TFA),
odium chloride (NaCl) and sodium hydroxide (NaOH), Aldrich
hemical Co. (Milwaukee, WI). The following excipients that
ad been approved for use in pharmaceutical dosage forms
ere received from the inventory of Novartis’ commercial
anufacturing facility: maize starch, lactose, mannitol, micro-

rystalline cellulose (diluents), polyvinylpyrrolidone (binder),
rospovidone (disintegrant), colloidal silicon dioxide (glidant),
agnesium stearate and hydrogenated castor oil (lubricants).
aleic acid and citric acid, which were used as pH-modifiers in

ormulations, were purchased from Sigma (St. Louis, MO).

.2. Methods

.2.1. pH-solubility profile
The pH-solubility profile over the range of pH 1–9 was gen-

rated at 25 ◦C by using both maleate salt and free base form of
. Excess amounts of solid drug substance were added to puri-
ed water. The suspensions were placed at 25 ± 1 ◦C in a water
ath and shaken using a Wrist Action® shaker (Burrel Corp.,
ittsburgh, PA) for 3 h. The suspensions were sampled and the
H was measured by potentiometry using Accumet® AR15 pH
eter (Fischer Scientific, Fair Lawn, NJ). The pH of suspen-

ions was readjusted with maleic acid or NaOH as needed and

quilibrated for three more hours. The suspensions were then
entrifuged and the supernatant liquids were filtered through
crodisc® Gelman® PTFE filter of 0.20-�m pore size (Fischer
cientific, Fair Lawn, NJ). It was previously validated that the

s
t
t
c

able 1
ompositions of selected formulations shown with concentration (w/w%) of each co

ngredients 1 (capsule, 0.25 mg, WG) 2 (tablet, 0.5 mg, WG)

ompound I maleate salt 0.22 0.71
aize starch 15.62

actose 69.29 72.00
annitol
icrocrystalline cellulose 18.00

olyvinyl pyrrolidone 3.75 5.00
itric acid
rospovidone 10.0 3.29
olloidal SiO2 0.62
agnesium stearate 0.50 1.00
ydrogenated castor oil

otal weight/unit (mg) 160 100

G, wet granulation; DC, direct compression.
f Pharmaceutics 337 (2007) 210–218 211

lter did not adsorb drug. Filtrates were diluted and analyzed
y HPLC using the method described later. The undissolved
aterial from the centrifuge tube was filtered on a No. 1 What-
an paper filter (Whatman International, England), rinsed with

urified water and allowed to dry overnight at room tempera-
ure. The dried solids were analyzed by differential scanning
alorimetry (DSC 2920, TA Instruments, New Castle, DE) in
ealed aluminum pans at 10 ◦C/min from 20 to 180 ◦C. The melt-
ng point was determined as the extrapolated onset temperature
f the melting endotherm and was compared to the melting point
btained for the pure drug substances (maleate salt and free base)
nder the same conditions.

.2.2. pH-degradation rate profile
The solution stability of I at a concentration of 0.06 mg/mL

as evaluated at 70 ◦C as a function of pH using maleate (pH
.0) and citrate (pH 3.5, 4.5 and 6.0) buffer systems; 20% ace-
onitrile was added to the pH 6 buffer to ensure that the drug
emained in solution. Ionic strength was maintained at 0.1 M
sing NaCl. Solutions were placed in crimped glass vials and
ampled at predefined intervals. No precipitate was observed
hroughout the study. Samples were analyzed by HPLC for drug
nd degradation products. Degradation rate constants were cal-
ulated at various pHs assuming pseudo-first-order degradation
inetics.

.2.3. Preparation of dosage forms
Capsules with dosage strengths from 0.25 to 10 mg (free

ase equivalent) and tablets with dosage strengths from 0.5
o 10 mg (free base equivalent) were prepared. Compositions
f selected formulations with concentration of each component
resent (wt%) are shown in Table 1. A wet granulation process
as applied to the manufacture of capsule, where, for example,
0.25-mg capsule (Formulation 1) had a fill weight of 160 mg

nd contained 0.35 mg of I (maleate salt), lactose and maize

tarch as diluents, PVP as the binder, crospovidone as the disin-
egrant, colloidal SiO2 as the glidant and magnesium stearate as
he lubricant. Both wet granulation and direct compression pro-
esses were used for tablets, with formulations compositionally

mponent

3 (tablet, 0.5 mg, DC) 4 (tablet, 0.5 mg, DC) 5 (tablet, 0.5 mg, WG)

0.71 0.71 0.55
18.60

74.39 74.39
71.95

18.60 15.00
2.00
2.00

5.00 5.00 4.00
0.30 0.30
1.00 1.00

4.50

100 100 130
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imilar to capsules except that the total weight ranged between
00 and 130 mg depending on dose; the tablet weight for the
.5-mg potency was 100 or 130 mg. Additionally, maize starch
as replaced by microcrystalline cellulose in most tablet for-
ulations (Formulations 2–5). In certain tablet formulations,

actose was replaced by mannitol as diluent and magnesium
tearate (∼1%) was replaced by hydrogenated castor oil as the
ubricant to further optimize formulations (for example, Formu-
ation 5). Powder mixtures for direct compression tablets were
repared through successive screening and blending of the drug
ubstance and excipients. Wet granulations for both capsules
nd tablets were prepared using a high shear granulator with top
lade (Collette Gral, Wommelgem, Belgium). For this purpose,
creened drug substance, diluent, binder and half of the needed
isintegrant were blended dry and then purified water (22.5%)
as added as the granulation fluid. The wet granules were dried
ith a 50 ◦C inlet temperature either on trays or in a fluid bed
rier depending on the manufacturing scale. The drying pro-
ess did not have any significant impact on physical properties
f granules (loss on drying, particle size distribution, flow) and
ablets (hardness, friability, disintegration time). The granules
ere sized and blended with the screened external components

the other half of the disintegrant and the glidant, when applica-
le). Finally, the blends were lubricated with magnesium stearate
r hydrogenated castor oil. When a pH-modifier (maleic acid,
itric acid or NaOH) was added to the formulation, it was added
n solution in the granulation fluid.

Capsules were filled using an H&K encapsulator (Bosch,
ermany). Tablets were compressed using a multi-station rotary
ress (Manesty Compacting, Liverpool, UK).

Capsules and tablets were packaged and placed on stability as
er conditions detailed in Section 3. Initial assay and accelerated
tability data were obtained through HPLC analysis as detailed
ater.

.2.4. Measurement of microenvironmental pH
Slurries of excipients, drug substance or formulations were

repared in polypropylene tubes (Corning Inc., Corning, NY).
known amount of solid, approximately 50–100% in excess

f the amount needed to saturate the medium, was added to
urified water and mixed for 15–30 min. Equilibrium pH was
chieved in all cases within 15 min of vortexing indicating that
queous phases of suspensions were nearly saturated, at least
n relevance to their pH. The pH of suspensions was measured
y potentiometry using an Accumet® Research AR15 pH meter
quipped with an Accumet® glass electrode (Fisher Scientific,
ittsburgh, PA).

The same measurement was used to determine the target
mount of pH-modifier needed in the formulation to ensure a
pecific microenvironmental pH. The suspensions of 0.5-mg for-
ulations were titrated using maleic acid or citric acid solutions

nd pH of slurries were measured as a function of the amount
f acid added.
.2.5. HPLC method
A 2690 Alliance HPLC system (Waters, Milford, MA) was

sed in this study. The separation was achieved using a Waters

T
i
a
b

f Pharmaceutics 337 (2007) 210–218

MCTM ODS-AQ, 4.6 mm × 50 mm, column with particle size
f 3.0 �m and pore size of 120 Å (Waters, Milford, MA). Sam-
les were sonicated and shaken in the presence of a 60:40 (v/v)
ater–acetonitrile extraction solvent and then centrifuged. The

upernatant was analyzed for drug and degradation products
sing a gradient system with UV detection at 281 nm (996 PDA
iode array detector, Waters, Milford, MA). The mobile phase A
ontained 0.1% TFA and the mobile phase B contained acetoni-
rile. Similar HPLC conditions were reported previously (Pan et
l., 2006).

.2.6. Radiolabel study
A blend of 14C-radiolabeled I drug substance (maleate salt)

nd various excipients was prepared according to a 0.5-mg
ablet formulation. The radiolabeled blend samples were pack-
ged in two HDPE and amber glass bottles, and the bottles
ere then closed with induction seal using child resistant caps.
he bottles were stored at 50 ◦C for 1 month. The 60:40 (v/v)
ater–acetonitrile solvent was used to extract samples and thor-
ughly wash the insides of bottles. The extraction and washing
uspensions were combined, centrifuged and assayed by HPLC
Waters 600E Pump, 717 Autosampler, Waters, Milford, MA).
rug substance I was detected in test solution both using a 996
hoto diode array UV-detector and a Ramona 90 radioactive
lo-thru monitor (Waters, Milford, MA).

A Ludlum Geiger counter model C-1 (Sweetwater, TX) with
44-7 probe was used to measure any radioactivity adsorbed

nto the inside and the outside surfaces of the bottles, and the
easurements were performed in triplicate. Furthermore, two

ieces of plastic were sliced from the outside surface of HDPE
ottle, one from the top and the other from the bottom, and they
ere tested separately for radioactivity using the Geiger counter.

. Results and discussion

.1. Drug substance properties

The free base form of I has a pKa of 6.3, a MW of 275
nd a melting point of 74.7 ◦C, and it exhibits poor aqueous
ntrinsic solubility (about 2 �g/mL at 25 ◦C, pH 7.9). During
orm selection, the need for a salt was identified to improve the
rug physical properties (e.g., increase mp) and dissolution rate
Morris et al., 1994). The maleate salt was identified as the salt
f choice for development based on ease of synthesis, physico-
hemical properties and biopharmaceutical considerations. The
tructure of I (maleate salt) is shown in Fig. 1. It is a crystalline
on-hygroscopic solid (162.9 ◦C) that is physically and chem-
cally stable at various storage conditions, including 4 weeks
t 80 ◦C in open glass bottle, and 6 weeks at 50 ◦C with 20%
dded water in closed glass bottle, and 3 years at 25 ◦C/60% RH
n bulk.

The pH-solubility profile of the maleate salt is shown in Fig. 2.

he aqueous solubility of salt at equilibrium with purified water

s 1.5 mg/mL at 25 ◦C with a pH of 3.5. The measured solubility
s a function of pH matches the theoretical solubility calculated
ased on the pKa (6.3) and intrinsic solubility (2 �g/mL) in the
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Fig. 1. Chemical structure o

H range, where the solid phase is the free base (pH > 3.6). In the
H range, where the solid phase is the maleate salt (pH < 3.3),
decrease in solubility is observed due to common ion effect.
he pH range between 3.3 and 3.6 has been identified as the
Hmax region (Pudipeddi et al., 2001), above which the maleate
alt converts to the free base with increasing pH; the solid phase
as characterized by DSC to be a mixture of maleate salt and

ree base in the pH range of 3.3–3.6.
The pH-degradation rate profile of I is shown in Fig. 3, where

rug substance exhibited pH-dependent stability with significant
ncrease in degradation with increasing pH. The degradation
ates at pH 3.5, 4.5 and 6.0 were 3, 12 and 15 times faster, respec-
ively, than the degradation rate at pH 2. The main degradation
roduct identified was a hydrolysis product shown in Fig. 1. As
ill be discussed later, the hydrolysis product was also the main
egradation product observed in solid state. Two oxidative path-

ays were also identified in solid state for this compound (Pan et

l., 2006); however, they were not detected in a significant extent
n tablet or capsule formulations and were, therefore, outside of
he scope of the present publication.

ig. 2. pH solubility profile of drug substance I: theoretical (−), and with free
ase (�) and maleate salt (�) as starting materials.

e
t
t
o

F

d its degradation products.

.2. Dosage form stability

As mentioned earlier, dosage forms were developed in mul-
iple strengths ranging from 0.25 to 10 mg for capsule and
.5–10 mg for tablets, and their stability was evaluated by pack-
ging 30 capsules or tablets per 30-cm3 HDPE bottle with
nduction seal and subjecting them to accelerated test conditions.
ince the maximum degradation was observed at the lowest
trength of each dosage form, issues related to the stability of
nly 0.25-mg capsule and the 0.5-mg tablet are reported here.
irect comparison of the same low dose in capsule and tablet
as not feasible since two specific doses were selected for devel-
pment. However, as detailed later on, chemical stability for a
ompound that is prone to hydrolytic degradation is expected to
e worse in the most diluted formulation when stored under sim-
lar conditions. Thus, the 0.25-mg capsule would be expected to

xhibit a poorer stability profile than the 0.5-mg tablet. In addi-
ion, even for the same dose, a formulation would be expected
o be less stable in a capsule than in a tablet due to the presence
f a significant amount of moisture in the capsule shell.

ig. 3. pH stability profile of I at pH 2.0 (♦), 3.5 (�), 4.5 (�) and 6.0 (�).
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cant loss in mass (about 60%) in presence of HDPE material,
while there was practically no mass loss in the solution without
the HDPE material. These results indicated that HDPE could
be contributing to the loss of drug by sorbing the drug into its
ig. 4. Formulation stability of I in HDPE bottles with induction seal at
0 ◦C/75% RH: 0.25 mg capsule (�), 0.5 mg wet granulated tablet (�) and
.5 mg direct compression tablet DC (�).

The wet-granulated 0.25-mg capsule formulation was used in
hase I clinical studies, and two prototype 0.5-mg tablet formu-
ations (Table 1, Formulations 2 and 3) were developed by wet
ranulation and direct compression, respectively. Any changes
n composition from capsule to tablet was aimed at decreas-
ng the potential for water adsorption by excipients to reduce
rug hydrolysis in solid state (elimination of maize starch and
ecrease of crospovidone) and imparting better tabletting prop-
rties (addition of microcrystalline cellulose). Fig. 4 shows the
tability profiles of the formulations at 40 ◦C/75% RH as a func-
ion of time for up to 1.5 months, where it is observed that
ablets, whether manufactured by direct compression or wet
ranulation, lost their potency rapidly while the capsule for-
ulation was stable. Moreover, the loss in potency in tablets
as not accompanied by corresponding increase in degradation
roducts in HPLC chromatograms; in other words, there was
o mass balance. In contrast, there was no loss in potency of
apsules and a full mass balance was observed after they were
tored at 40 ◦C/75% RH for the same period of time. As shown
n Table 1, the concentration of I (maleate salt) in 0.5-mg tablets
Formulations 2 and 3) was over three times higher than that in
he 0.25-mg capsule (Formulation 1). This is because the cap-
ule had a lower strength (0.25-mg versus 0.5-mg) and a higher
ll weight (160-mg versus 100-mg) as compared to the tablet.
ince the product stability for both capsules and tablets improved
ith higher ratios of drug to total weight in the higher-strength

ormulations, it was expected that the tablet would have bet-
er stability than the capsule. Although the appearance of any
hemical degradation products in the two low-strength capsule
nd tablet was very low, the tablets showed high assay/mass loss
nder similar stability testing conditions.

Extensive studies were undertaken to explore and understand
hether the mass balance issue of tablets could be related to

nalytical methods. Different extraction media and conditions
o ensure complete extraction as well as different HPLC meth-

ds and detection systems to ensure full separation of active
nd potential degradation products were investigated. However,
one of these could explain the decrease in drug potency in
ablets.

F
i

f Pharmaceutics 337 (2007) 210–218

.3. Identification of the stability problem

.3.1. Effect of encapsulation on tablet stability
In addition to the potency, the primary difference between

he compositions of capsule and tablet was that in the tablet,
aize starch was replaced by microcrystalline cellulose. Ques-

ion was asked: Could the presence of microcrystalline cellulose
e responsible for the loss in tablet potency? For this rea-
on, another tablet formulation was developed by using maize
tarch in place of microcrystalline cellulose (Formulation 4). To
imic capsules, the tablets were also filled in hard gelatin cap-

ules. Both encapsulated and unencapsulated tablets packaged
n amber glass and HDPE bottles were evaluated for stability at
igh temperature and humidity conditions (40 ◦C/75% RH) for
p to 6 weeks, and the results are shown in Fig. 5. It was very
nteresting to note that there was no loss in potency from encap-
ulated tablets, while over 15% loss in potency was observed
rom the unencapsulated tablets stored in HDPE bottles. These
esults then suggested that unencapsulated tablets were losing
ctive drug substance without accounting for the entire mass.
ith these results it appeared more and more likely that the

rug was being lost by volatilization from the unencapsulated
ablets. It was hypothesized that an equilibrium between the
olid and vapor phase in the small volume of the capsule may
ot be allowing further volatilization of drug from the tablet, thus
ccounting for minimal to no loss as compared to the tablet. It
as also evident that there was a significant effect of packaging
n the stability of tablets; the loss in potency of unencapsulated
ablets was higher in the HDPE bottles as compared to the glass
ottles, as shown in Fig. 5, which could be due to a higher per-
eability of HDPE material (compared to glass) and possible

nteraction between I (maleate salt) and the packaging material
HDPE). Solution stability of I was conducted at 40 ◦C in two
lass vials: one vial with HDPE material (cut pieces of HDPE
ottles) submerged in 20 mL of a 0.2 mg/mL solution of I in a
0 mM pH 4 citrate buffer at 60 ◦C for 4 weeks and the other one
ithout HDPE material but otherwise under similar condition.
he stability results in Fig. 6 showed that there was a signifi-
ig. 5. Stability of 0.5-mg tablet (Formulation 4) at 40 ◦C/75% RH for 6 weeks
n different packaging: % active (clear) and % total mass (black).
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Table 2
Testing results for [14C] radiolabeled I stability samples at 50 ◦C for 1 month

Packaging Recovery by HPLC Radioactivityc inside empty bottle Radioactivityc outside empty bottle Estimated total mass

Amber glass bottle 91% 3000 CPM (9%a) 0 CPM 100%
HDPE bottle 56% 13,000 CPM (39%b) 2000 CPM (6%b) 101%
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file and pHmax determination discussed earlier, a conversion
of the maleate salt to the free base would occur above pHmax
a Assuming 3000CPM is corresponding to 9% mass loss measured by HPLC
b Estimated values based on the above assumption.
c Measured by Geiger counter.

ermeable matrix, thus facilitating further volatilization of the
rug from the tablet, resulting in significant mass loss in the
nencapsulated tablet in the HDPE bottle.

.3.2. Volatilization of drug
Further studies were conducted to confirm that the drug

ndeed volatilized from the tablets. A powder blend with com-
osition similar to directly compressed 0.5-mg tablet prepared
y using radiolabeled I was stored in an amber glass bottle and a
DPE bottle at 50 ◦C for 1 month. The blends in the bottles were

ssayed using a HPLC system, and a Geiger counter was used to
etect the presence of radiolabeled material in the empty bottles.
s shown in Table 2, a significantly higher mass loss (44%) was
bserved for the blend sample in the HDPE bottle as compared
o 9% loss in the glass bottle. Substantial amounts of radioactiv-
ty were still detected on the inner surface of both empty glass
3000 CPM) and HPDE (13,000 CPM) bottles, the amount in
he plastic bottle being over four times higher. It was surprising
hat radioactivity (2000 CPM) was observed even on the outer
urface of the empty plastic bottle. From these results, it was
pparent that there was a qualitative correlation between approx-
mately five times difference in the loss in drug potency in glass
ersus plastic bottles and over four times difference in radioac-
ivity on inner surfaces of glass versus plastic bottles. This also
grees with the hypothesis of the volatilization of I from tablets.
t is possible that the vapor of I could migrate into the plas-
ic and further facilitate volatilization and mass loss of I from
he HDPE bottle. Analysis of the Geiger counter data indicated
hat the radioactivity on the outer surface of the HDPE bottle

as only detected in the bottom part of the bottle, suggesting

hat the I vapor was heavier than air. The effect of volatilization
ad profound effect on the stability of the lower-potency tablets,
ecause a loss of only 0.05 mg of material was needed to show

ig. 6. Stability of 0.2 mg/mL solution I for 4 weeks in pH 4 citrate buffer
20 mL) at 40 ◦C/75% RH in glass vials with and without high density polyethy-
ene (HDPE): % active (clear) and % total mass (black).
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ig. 7. TGA testing (holding at 60 ◦C for 5 days) for drug substance I maleate
alt vs. I free base (6 mg each).

10% loss in potency of the 0.5-mg tablet, whereas for higher
oses much higher amounts had to be lost to show significant
ass loss.

.3.3. Effect of microenvironmental pH
Due to its high melting point, I (maleate salt) was not expected

o be volatile. The free base, with a melting point of 74.7 ◦C,
ould be prone to volatilization as shown in Fig. 7. This could
nly be valid if the maleate salt would convert into the free
ase in the solid dosage form. Based on the pH-solubility pro-
t pH > 3.6. The slurry pH of various formulations and indi-
idual excipients used was thus measured (Table 3) and was

able 3
lurry pH of drug substance I formulations and various excipients

aterials Microenvironmental pH

eat drug substance I maleate salt 3.5
apsule formulation (0.25 mg) 5.0
ablet formulation (0.5 mg) 4.2
ablet formulation (10 mg) 4.1
lacebo tablet formulation (no drug substance) 5.9
actose 6.1
annitol 4.7
icrocrystalline cellulose 4.7

VP 3.7
rospovidone 4.9
olloidal SiO2 5.2
agnesium stearate 7.1
aize starch 6.3
ydrogenated castor oil 7.5
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Fig. 8. DSC scans of drug substance I free base, mal

hown to be higher than the pHmax. For the higher strengths, the
igher drug load does not have a significant effect on the for-
ulation microenvironmental pH. Both 0.5- and 10-mg tablet

ormulations have a pH of about 4.1–4.2 (Table 3). The differ-
nce in stability between low and high strengths appears to be
ue to the difference in relative amounts of drug substance that
ould be converted from the maleate salt to the free base in the
icroenvironment of a tablet.
To confirm the working hypothesis, an experiment was con-

ucted with pure drug substance of which microenvironmental
H was modified in slurry conditions. Three suspensions of

aleate salt were titrated using pH-modifiers: with maleic or cit-

ic acid to lower the pH to between 2.2 and 2.5, and with NaOH
o increase the slurry pH to 4.2 (equivalent to the 0.5-mg for-

ulation slurry pH). After equilibration, the suspensions were

t
s
e
t

ig. 9. Three-week stability result at 50 ◦C/75% RH in glassware for 0.5-mg wet gra
clear) and % total mass (black). (A) Tablet formulation 2, slurry pH of 4.2; (B) Formu
ith NaOH, slurry of pH of ∼5; (D) Formulation 2 prepared with free base instead
aleate salt.
alt and the maleate salt mixtures with acid and base.

ltered, rinsed and let dry overnight. The remaining solid was
hen analyzed by DSC and compared to the untreated free base
nd maleate salt as well as the solid from the aqueous maleate
alt suspension (Fig. 8). As suggested by the working hypothe-
is and in accordance with the pH solubility profile, solid drug
ubstance with a slurry pH at or higher than pHmax contained
ainly maleate salt with a small amount of free base. The rela-

ive free base amount was higher at pH 4.2 compared to pH 3.5.
t pH values lower than the pHmax, the solid drug substance

onsisted only of maleate salt.
The next step was to test if the conversion of drug substance
o free base in the formulation would correlate with the observed
tability, specifically the assay/mass loss. For this purpose, sev-
ral drug-excipient blends at 100-g scale were prepared, where
he composition of Blend A was similar to that of Formulation

nulation blends with different microenvironmental pH and drug form: % active
lation 2 granulated with citric acid, slurry pH of 2; (C) Formulation 2 granulated
of maleate salt (pH 4.2); (E) drug substance I free base; (F) drug substance I
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Table 4
One-year stability results for 0.5-mg compound I tablets (Formulation 5) in HDPE bottles with induction seals and silica bags (1-g bag per bottle)

Storage condition % Assay Total degradation product (%) Total mass (%)

25 ◦C/60% RH Initial 97.5 0.0 97.5
3 months 96.5 0.06 96.6
6 months 96.8 0.09 96.9
9 months 98.3 0.11 98.4
12 months 97.8 0.12 97.9

30 ◦C/70% RH 3 months 96.3 0.09 96.4
6 months 96.8 0.14 96.9
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9 months 98.3
12 months 96.9

ach 30-cm3 bottle contains 90 tablets.

in Table 1 with a microenvironmental pH of ∼4.2, and Blends
and C were also similar, with the exception that citric acid and
aOH were used as pH-modifiers to adjust microenvironmental
H to 2 and pH ∼5, respectively. In addition, a similar blend with
he adjusted microenvironmental pH of ∼4.2 was prepared with
free base instead of the maleate salt (Blend D). All blends were
ried at ∼50 ◦C for 2–3 h to remove any water that was used dur-
ng the adjustment of pH, and samples of uncompressed blends
ere stored in glassware of different shapes (open Petri dish
ersus closed 50 cm3 volumetric flask versus open 50 cm3 volu-
etric flask) and were placed at 50 ◦C/75% RH for 3 weeks. The

ifferent shapes for glassware were chosen to further emphasize
he potential effect of volatilization in this degradation pathway.
he 3-week stability results (Fig. 9) showed no assay/mass loss

or Blends A (pH 4.2), B (pH 2), C (pH 5) and D (free base used,
H 4.2) in open and closed volumetric flasks. High assay/mass
oss (∼70%) was observed for Blends C and D stored in open
etri dish, while the assay/mass loss for Blend A was lower
20%), and no assay/mass loss was observed for acidified Blend
. For comparison, similar stability studies were also conducted

or I free base and maleate salt drug substances (Fig. 9). The sta-
ility behavior of the I maleate salt (F) was very similar to that
f the acidified blend (B, pH 2), while the free base (E) stored on
he Petri dish lost ∼45% of mass, confirming its volatilization.

Based on the understanding of the pH effect on I salt and
ree base (Figs. 2 and 8), one can adequately explain the sta-
ility behavior observed in Fig. 9. Since I free base vapor is
eavier than air and it cannot migrate into the glass matrix
Fig. 5), the vapor concentrated at the bottom of glass volu-
etric flasks, and this prevented further volatilization when the

quilibrium was reached between vapor and solid state. There-
ore, there was no assay/mass loss for all the samples in open and
losed volumetric flasks. On the other hand, in open Petri dish,
free base vapor could easily escape into air, thus driving fur-

her volatilization from I free base. The degree of volatilization
as determined by the availability of I free base in the samples.
mong all drug-excipient blends with different microenviron-
ental pH conditions used (Fig. 9), the amount of I free base was

ossibly the highest in C (pH 5) and D (the free base with pH 4.2),

esulting in high assay/mass loss (∼70%) in open Petri dish, fol-
owed by about 20% assay/mass loss for Blend A (maleate salt
ith pH 4.2), and no assay/mass loss for acidified formulation

Blend B, pH 2).

m
f
e
c

0.25 98.6
0.40 97.3

.4. Solution to the stability problem

It was clear from the above results that microenvironmen-
al pH of formulations had to be adjusted below 3 to prevent
rug loss due to volatilization. Based on a statistical design of
xperiments (DOE), several prototype tablet formulations were
repared by adjusting the microenvironmental pH to about pH
by adding different levels of maleic acid or citric acid. The

evels of acid to be added to the formulation were determined
y titrating a 30% slurry of the formulation with either maleic or
itric acid until the slurry pH was lower than the pHmax. The pH-
odifiers were added only using the wet granulation process, as

t had been shown by Badawy et al. (1999) that it is more effi-
ient than adding pH-modifiers in the dry state. In all cases,
he tablets demonstrated satisfactory stability (<0.5% degrada-
ion) and complete mass balance when samples were stored in
DPE bottles at 40 ◦C/75% RH for a period of 6 weeks. A drug-

xcipient compatibility testing based on the model of Serajuddin
t al. (1999) indicated that the adjustment of microenvironmental
H would also increase the chemical stability of the formulation,
n general agreement with the pH-rate profile shown in Fig. 3.

prototype 0.5-mg tablet formulation optimized in this way
Table 1, Formulation 5) showed <0.5% degradation when in
tored in HDPE bottles containing silica bags (30 tablets and
ne 1-g silica bag per 30-cm3 bottle) at 30 ◦C/70% RH for 1
ear (Table 4). The lubricant in Formulation 5 was changed from
agnesium stearate to hydrogenated castor oil because the DOE

ndicated a slightly but significantly lower (∼0.1%, w/w) oxida-
ive degradation (although no mass loss with both lubricants)
hen hydrogenated castor oil was used. Similarly, a slightly

ower oxidative degradation was also the reason for using citric
cid, instead of maleic acid, to adjust microenvironmental pH.
ased on these results, the development of a 0.5-mg tablet with
3-year shelf-life at controlled room temperature (extrapolated

rom data in Table 4) was feasible.

. Conclusions

This study demonstrated the complex nature of the assay/

ass loss problem involving different drug forms, dosage

orms, packaging materials, microenvironmental pH, excipi-
nts, humidity and temperature. Systematic investigations were
onducted to identify the cause of assay/mass loss for this
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hemically stable basic drug in the tablet formulation: (1) the
nalytical methods were thoroughly evaluated to exclude the
ossibility of errors due to testing method; (2) then the stability
tudy on different dosage forms (capsule versus tablet versus
ncapsulated tablet) showed stabilizing effect of the capsule
hell which served as a barrier; (3) the radiolabel study indicated
trong interaction between the drug and the HDPE packaging
aterial; (4) the stability results of the blend formulations with

ifferent pH in different containers (open Petri dish, open and
losed volumetric flasks) further pointed to the volatilization of
free base; (5) the study on salt to free base conversion as the

unction of microenvironmental pH confirmed that I maleate
alt can be readily converted into its free base at pH higher than
he pHmax. In summary, I maleate salt can be converted into
ts free base at pH 4.2 and the free base can sublime and easily

igrate into the HDPE packaging material, thus further driving
he volatilization process, resulting in additional assay/mass
oss. In addition, pH stability profile and excipient compatibility
tudy indicated that the chemical stability of the drug can be
nhanced by controlling the formulation microenvironmental
H. Based on the effect of microenviromental pH on the
hysical and chemical stability of the drug, a stable 0.5-mg
ablet with a shelf-life of 3 years as successfully developed by
cidification of the formulation using 2% (w/w) citric acid.
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